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Age-related decline in gray and white brain matter goes together with cognitive depletion.
To influence cognitive functioning in elderly, several types of physical exercise and
nutritional intervention have been performed. This paper systematically reviews the
potential additive and complementary effects of nutrition/nutritional supplements and
physical exercise on cognition. The search strategy was developed for EMBASE,
Medline, PubMed, Cochrane, CINAHL, and PsycInfo databases and focused on the
research question: “Is the combination of physical exercise with nutrition/nutritional
supplementation more effective than nutrition/nutritional supplementation or physical
exercise alone in effecting on brain structure, metabolism, and/or function?” Both
mammalian and human studies were included. In humans, randomized controlled trials
that evaluated the effects of nutrition/nutritional supplements and physical exercise
on cognitive functioning and associated parameters in healthy elderly (>65 years)
were included. The systematic search included English and German language literature
without any limitation of publication date. The search strategy yielded a total of 3129
references of which 67 studies met the inclusion criteria; 43 human and 24 mammalian,
mainly rodent, studies. Three out of 43 human studies investigated a nutrition/physical
exercise combination and reported no additive effects. In rodent studies, additive effects
were found for docosahexaenoic acid supplementation when combined with physical
exercise. Although feasible combinations of physical exercise/nutritional supplements
are available for influencing the brain, only a few studies evaluated which possible
combinations of nutrition/nutritional supplementation and physical exercise might have
an effect on brain structure, metabolism and/or function. The reason for no clear effects
of combinatory approaches in humans might be explained by the misfit between the
combinations of nutritional methods with the physical interventions in the sense that they
were not selected on sharing of similar neuronal mechanisms. Based on the results from
this systematic review, future human studies should focus on the combined effect of
docosahexaenoic acid supplementation and physical exercise that contains elements of
(motor) learning.
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INTRODUCTION
Thirty percent of people aged 65 and older living in the
community experience at least one fall per year, and this
proportion increases markedly with age (Tromp et al., 2001).
The elevated incidence of falls in elderly is only one of the
many physical dysfunctions that may be encountered with
advanced age (Iosa et al., 2014). Elderly experience a reduction
in walking speed, an increased variability in step timing, a
decline in gait stability, and are compromised in their learning
ability (Cai et al., 2014; Iosa et al., 2014). These reductions
in movement functionality often develop already in midlife
(Tomey and Sowers, 2009) and have been described as age-
related deteriorations in physical functioning (Pichierri et al.,
2011). Physical functioning can be defined as the ability to
conduct activities that are required for independent living and
that may affect quality of life, such as walking and climbing stairs
(Painter et al., 1999; Pichierri et al., 2011). Limitations in physical
functioning have been associated with depression, increased risk
for falls and injuries, reduced quality of life, increased health
care costs, and mortality (Tomey and Sowers, 2009). In the near
future, the number of elderly people suffering from physical
dysfunctions will increase due to demographic changes (Kluge
et al., 2014).
Various factors have been proposed causing the decline in
physical functioning in the older population. Loss of muscle
mass, strength, and degradation of joints have been associated
with gait instability and falls (Mithal et al., 2013; Iosa et al.,
2014). In addition to reductions in the musculoskeletal system,
impairments in vision, reaction time, and balance play an
important role (Iosa et al., 2014). However, worsening of
the sensorimotor system is probably not the only cause
explaining deteriorations in physical functioning: reduction of
cognitive functions is believed to play a significant role as
well (Cai et al., 2014; Iosa et al., 2014). Cognitive functions
are “...any mental process that involves symbolic operations—
e.g., perception, memory, creation of imagery, and thinking...”
(Concise Dictionary of Modern Medicine, 2002).
A decrease in cognitive performance in old age is predominant
in most individuals. Aging associated cognitive decline has a
prevalence rate of 28% for people from 65 to 84 years (Scafato
et al., 2010). Another 17% of the population investigated (n =
4785) showed objective evidence of cognitive decline without
cognitive complaints, which sums up to a total of 45% of people
showing some kind of cognitive impairment without dementia.
Cognitive aging is characterized by mental decline (Cotman
et al., 2007), memory impairments (Gunning-Dixon et al., 2009;
van Praag, 2009; Cai et al., 2014), decreased learning ability
(van Praag, 2009; Cai et al., 2014), greater anxiety and poorer
attention (Cai et al., 2014), slower processing speed (Gunning-
Dixon et al., 2009; Clouston et al., 2013; Cai et al., 2014),
and reduction of executive skills (Gunning-Dixon et al., 2009).
Other studies showed that healthy participants and participants
with cognitive impairment or subclinical cerebrovascular lesions
had reduced gait stability and postural control during dual-task
walking suggesting that cognitive abilities affect gait performance
(Pichierri et al., 2011; Choi et al., 2012; Iosa et al., 2014).
Studies investigating cognitive aging support the idea that
neuroanatomical changes, such as loss of brain tissue and
cortical disconnections, might explain the poorer cognitive
performance of healthy elderly (Colcombe et al., 2003;
Resnick et al., 2003; Raz et al., 2005; Gunning-Dixon et al.,
2009). Age-dependent structural changes include loss of gray
matter volume (frontal and temporal lobes), vulnerability
of prefrontal white matter, loss of microstructural white
matter integrity, and decrease in hippocampus and cerebellum
volumes (Raz et al., 2005; Gunning-Dixon et al., 2009). For
example, frontal lobe white matter has been proposed to
mediate the association of age and performance in tasks
assessing executive skills and memory (Brickman et al.,
2006). Structural alterations might partially account for
observed age-dependent declines in cognition (Gunning-Dixon
et al., 2009). In addition to the neuroanatomical changes,
neurochemical processes change during the course of aging
(Mora, 2013). In rodents, for example, an age-dependent
decrease of neurotrophic factors, such as the brain-derived
neurotrophic factor (BDNF), might contribute to age-related
cognitive impairments (Gooney et al., 2004; Adlard et al., 2005;
Mora et al., 2007).
Since cognitive decline potentially threatens independence
and quality of life of older adults, prevention and treatment
of cognitive impairment in the elderly has assumed increasing
importance (Williams and Kemper, 2010). Two factors that may
positively effect on cognition are physical activity (Gomez-Pinilla
and Hillman, 2013) and nutritional supplementation (Gómez-
Pinilla, 2008; Figure 1). Physical exercise has been described
to be the most effective way to maintain a healthy body and
mind (van Praag, 2009). Physical exercise lowers blood pressure,
increases sensitivity to insulin, contributes to weight loss, delays
age-related cognitive decline, improves learning and memory,
and reduces the risk of neurodegeneration (Shephard and Balady,
1999; Cotman and Berchtold, 2002). The proposed mechanisms
by which physical exercise affects cognition revolve around
changes in neurotransmitters, neurotrophins, and vasculature
(Cotman et al., 2007). Neurogenesis in the hippocampus
is associated with improved cognition, and the strongest
neurogenic stimulus seems to be physical exercise (van Praag,
2009). Moreover, physical exercise appears to affect properties
of dendritic spines, to enhance long term potentiation, to
influence brain vasculature through the actions of insulin like
growth factor (IGF) and vascular endothelial growth factor,
and to affect BDNF which plays an essential role in synaptic
plasticity and cell genesis, growth, and survival (van Praag,
2009).
Nutrition and nutritional supplements may also exhibit
positive effects on brain health (van Praag, 2009). Studies
showed that caloric restriction (CR) and nutritional supplements
such as fish oil, teas, fruits, folate, spices, and vitamins have
the potential to positively effect on cognitive functioning
(Gómez-Pinilla, 2008). Investigations on the effects of nutrition
on brain function have usually focused on neuroprotective
properties of nutritional supplements (van Praag, 2009).
Recent studies focused on underlying mechanisms like
neuronal signaling (van Praag, 2009). In fact, nutritional
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FIGURE 1 | Interaction of cognitive and physical functioning. Physical
and cognitive functioning influences each other (orange arrow). In turn, both
can be influenced by physical exercise and nutrition (green arrows). The motor
and sensory system regulates physical functioning (blue arrows).
supplementation and CR seem to affect similar cellular
and molecular pathways as physical exercise (van Praag,
2009).
From the foregoing, the assumption that physical exercise
and nutrition could have additive effects on brain structures
and functions that may result in greater benefits on cognition
for combinatory interventions seems justified (Gómez-Pinilla,
2011). “Additive” means when two interventions are combined
intendedly (physical exercise and nutrition are an integral part
of one intervention) to enhance effects and “complementary” in
case each intervention stands by itself. Recent studies indicate
that exercise is capable of boosting the health effects of certain
diets and that selected dietary factors may have the capacity
to complement the effects of exercise (Gómez-Pinilla, 2011).
However, existing reviews on these effects are either narrative,
or, when being performed systematically, are limited in the
sense that they focus on the isolated effect of either physical
exercise or nutrition (Gómez-Pinilla, 2008; van Praag, 2009;
Voss et al., 2013). Which combination of selected dietary factors
possibly best should be added to physical exercise for additive
effects of exercise on cognition in humans remains, therefore,
indefinite. To the best of our knowledge, a systematic review
focusing on the possible additive effects of physical exercise
and nutrition/nutritional supplementation on the elderly brain
has not been performed. Therefore, a systematic review was
performed on the effect of combined physical and nutritional
interventions with the aim of clarifying the relationship between
the type of combined intervention and the effects of such
an intervention on brain related structure and function in
both mammalian and human studies. The following research
question guided this systematic review: “Is the combination
of physical exercise with nutritional supplementation more
effective than nutritional supplementation or physical exercise
alone in effecting on brain structure, metabolism, and/or
function”?
METHOD
Data Sources and Searches
A search strategy was developed in collaboration with a librarian
from the Medical Library of the University of Zurich. The search
period covered all years from the inception to October, 2015,
and included EMBASE, Medline, PubMed, Cochrane, CINAHL,
and PsycInfo. Searches were undertaken using MeSH headings
and text words including the following main terms for the
population: aged, elder, placental mammals, human, rat, mouse,
mice, mammal, mammalia; for nutritional intervention: diet
supplementation, diet therapy, protein intake, dietary intake,
diet, protein, nutrient, mineral, vitamin, supplementation,
supplement, additive, intake, therapy, treatment; for physical
exercise: resistance training, physical, activity, exercise, fitness,
strength, training, and for the outcome of interest: cognition,
executive function, memory, nervous system development,
nerve cell plasticity, angiogenesis, neurogenesis, synaptogenesis,
neuroplasticity, brain structure, spine density, function, structure,
neurotransmitter, vascular endothelial growth factor, insulin like
growth factor, brain, nerve. Furthermore, the bibliographies of all
eligible articles and related reviews, as well as recent conference
proceedings, were checked through hand searching. To ensure
the clarity and transparency of reporting, the PRISMA guidelines
(Moher et al., 2010) were followed.
Selection Criteria
Both studies with mammalians and humans were considered
for this review. From mammalian research knowledge about
the effects on molecular, cellular, and neural circuit levels and
how these may impact cognitive function can be gained (Voss
et al., 2013; Gutchess, 2014). Higher-level cognition effects
and influences on macro- and systems-level change in the
central nervous system can be evaluated in human studies
(Voss et al., 2013; Gutchess, 2014). The search strategy included
“elderly over the age of 65 years” and “older mammalians.”
Interventions that focused on physical exercise and nutritional
supplementation or the combination of both were considered.
Study outcomes were determined on brain structure, -function,
and -metabolism levels. Randomized controlled trials (RCT),
the most rigorous way of determining whether a cause-effect
relation exists between treatment and outcome (Sibbald and
Roland, 1998), were primarily included. Because well-designed
observational studies have been shown to provide results similar
to randomized controlled trials (Song and Chung, 2010) case
control trials were also included. In addition, reviews on our
topic written in English or German with no year restriction were
considered for discussion.
Selection Process
The first step was the removal of duplicate citations. Afterwards
two reviewers (JS, AS) determined which studies should be
included by independently screening of title, abstract, and
keywords. A priori set inclusion and exclusion criteria were
applied to the articles (Table 1). An article was eligible, if the
investigator examined complementary or additive effects of
physical exercise and nutritional interventions on cognitive
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TABLE 1 | List of inclusion and exclusion criteria.
Area Inclusion criteria Exclusion criteria
Population Older (>65 years) adults and old
mammalians
Patients with
neurodegenerative diseases
Intervention Nutritional supplementation, brain
food, physical exercise, exercise
trainings, physical activity
Pharmacological interventions
Outcome Neurogenesis, synaptic plasticity,
brain structure, spine density,
angiogenesis, growth factors,
neurotransmitter, neurotrophins,
cognitive function
Physical benefits
Study type Randomized controlled and case
control trails
Methodological, theoretical,
review, and discussion papers
Language English and German All other languages
Year All years –
functions in humans and mammalians and/or associated brain
parameters in mammalians. Only longitudinal studies were
included that carried out an intervention. Interventions that
considered aerobe, strength, and/or coordination training
were defined as physical exercise. Nutritional interventions
were those that considered nutritional supplementation.
Studies using pharmacological supplementation or that
focused on physical outcomes were excluded. Subsequently,
the results from the screening were discussed to exclude
any differences in the inclusion decisions. Full text reading
of the remaining literature yielded the final list of papers.
Studies were included assessing brain structure (e.g., gray and
white matter), brain metabolism (e.g., neurotrophic factors),
and brain function (e.g., cognitive test batteries) in healthy
elderly.
Data Extraction and Data Synthesis
The included studies were sub-divided into human and
mammalian studies. Each of these classes was then further
subdivided into three groups: Physical exercise, nutritional
intervention, and studies that investigated a combination of
physical exercise and nutritional intervention. In this way,
comparisons between different treatments were easier to track.
A purpose adjusted individualized data extraction form from
Wright et al. (2007) was used to collect data from single studies.
The extraction of the data included (1) reference information:
author and date; (2) characteristics of study population:
number of participants, gender, age, genetics (mammalians); (3)
characteristics of physical exercise intervention: type of exercise,
frequency, and duration; (4) characteristics of nutritional
intervention: diet or nutritional supplement, amount of intake,
and duration; (5) characteristics of outcomes: outcome measures
and results. The data is presented in the results section
as a descriptive summary of the studies and their results.
Furthermore, a qualitative synthesis of the studies was executed.
Ameta-analysis was not performed due to the high heterogeneity
of intervention types and outcome variables among the
studies.
Quality Appraisal
Quality evaluation of the studies was done by reporting potential
sources of bias (Harris et al., 2013). For critical quality appraisal,
the purpose-adjusted Downs and Black checklist for randomized
and non-randomized studies of health care interventions was
used (Downs and Black, 1998). The quality checklist consisted
of 27 items having a theoretical maximum score of 32 points.
The checklist scored 5 different domains: the quality of reporting
(10 items, maximum 11 points), the external validity (3 items,
maximum 3 points), internal validity —bias (7 items, maximum
7 points), internal validity—confounding (selection bias; 6 items,
maximum 6 points), and power (1 item with maximum 5
points). A summary of the set criteria (20 for human and
13 for mammalian) for quality assessments that were used is
displayed in the Supplementary Table 1. The quality evaluation
procedure was done independently by two reviewers (JS and AS),
as previously advised (Wright et al., 1995; Harris et al., 2013).
The level of agreement was assessed with Cohen’s kappa analysis
on all items of the checklist. Landis and Koch’s benchmark
for assessing agreement ranges from almost perfect (0.81–1.0),
substantial (0.61–0.8), moderate (0.41–0.6), fair (0.21–0.4), slight
(0.0–0.2), and poor (<0; Landis and Koch, 1977). Disagreements
were resolved by consensus or by consulting a third reviewer.
RESULTS
Study Selection
The database search resulted in a total number of 3129 studies.
The selection process is illustrated in Figure 2. After the removal
of duplicates (n = 431) and the screening process, 75 studies
were left for full text reading. During full text reading, the
cited human studies in the reference lists that perhaps would be
relevant for the review were kept track leading to an additional
40 papers selected for full text reading. Finally, following full
text reading, 67 articles were included in the systematic review.
For the mammalian studies, the included studies were performed
with rodents only.
Study Characteristics
Characteristics of the Rodent Studies
The total number of mice and rats in the 24 included studies
was 1396 (median: 48 rodents per study, range 11–200). The
studies examined C57BL/6 mice (Lee et al., 2002; Van der
Borght et al., 2007; Kuhla et al., 2013), Wistar rats (Ito et al.,
2009; Khabour et al., 2010, 2013; Jacotte-Simancas et al., 2013;
Rachetti et al., 2013; Cechella et al., 2014a,b), Fischer 344
rats (Markowska, 1999), Long Evans rats (Young et al., 2007),
Sprague-Dawley rats (Lee et al., 2000; Hansalik et al., 2006;
Strasser et al., 2006; Wu et al., 2008; Chytrova et al., 2010;
Gomez-Pinilla and Ying, 2010; Noble et al., 2014), F344xBN
hybrid rats (Adams et al., 2008; Fitting et al., 2008; Carter et al.,
2009), and BALB/cJ mice (Bhattacharya et al., 2015). At the
beginning of the interventions, all rodents were disease free. The
age of the rodents varied from a few months to a few years.
The articles were studies that evaluated the effects of physical
exercise (Van der Borght et al., 2007; Mustroph et al., 2012;
Noble et al., 2014), of nutritional intervention (Markowska, 1999;
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FIGURE 2 | Search and selection process.
Lee et al., 2000, 2002; Young et al., 2007; Adams et al., 2008;
Fitting et al., 2008; Carter et al., 2009; Ito et al., 2009; Kuhla
et al., 2013), or used a combination of physical exercise and
nutritional intervention (Hansalik et al., 2006; Strasser et al.,
2006; Wu et al., 2008; Chytrova et al., 2010; Gomez-Pinilla
and Ying, 2010; Khabour et al., 2010; Jacotte-Simancas et al.,
2013; Khabour et al., 2013; Rachetti et al., 2013; Cechella et al.,
2014a,b; Bhattacharya et al., 2015). Physical exercise was always
an aerobic type of exercise (running or swimming) performed
five times per week for 20–60min over a period of 2 weeks to
13 months, while nutritional interventions consisted of either
dietary supplementation (taurin, niacin, amino acid, selenium,
fatty acid, and epinephrine) or caloric restriction. Caloric
restriction was included as a part of nutritional supplementation
in the sense of nutritional depletion. A summary of measured
outcomes in rodents is given in Table 2. The outcome categories
that were assessed were behavior, neurogenesis, neurotrophins,
synaptic proteins, cell signaling proteins, metabolic homeostasis
proteins, and measures of oxidative stress.
Characteristics of the Human Studies
The total number of participants in the 43 included human
subject studies was 19,757. This number includes the participants
from large supplementation studies such as the Women’s Health
Initiative WHI (n = 1420), the Physicians Health Study II PHSII
(n= 5947), the Women’s Health StudyWHS (n= 6377), and the
Age-Related Eye Disease Study AREDS (n = 2166). The number
of participants decreased to 3847 (median: 58 participants per
study, range 12–910) without the aforementioned studies. At
the time of recruitment, all participants were healthy elderly
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TABLE 2 | Study outcomes measured in included rodent studies.
Category Outcomes Details
Behavior Behavioral tests • Measurement of learning, memory, motor skill, and anxiety like behavior
Neurogenesis Ki-67 staining • Cellular marker for proliferation
Doublecortin staining • Marker for neurogenesis
Immunohistochemistry • Determination of phenotype of newly generated cells
◦ GFAP: astrocyte protein
◦ Neuronal nuclear marker
◦ MAP2a: mature neuron-specific protein
Neurotrophins BDNF-, NT-3-, trkB-, and trkC- mRNAs • BDNF and NT-3: neurotrophins
• TrkB and trkC: their high-affinity receptors
Synaptic
proteins
NMDA receptor subunits:
NR1, NR2A, and NR2B
• Glutamate receptor
• Important for synaptic plasticity and memory
AMPA receptor subunits:
GluR1 and GluR2
• Non-NMDA glutamate receptor
• Involved in plasticity and synaptic transmission
Synaptophysin • Involved in synaptic transmission
STX-1 and STX-3 • Plasma membrane syntaxins
• Present in synaptic membranes and in neuronal growth cones
GAP-43 • Growth associated protein
Synapsin • Involvement in neurotransmitter release, axonal elongation, and maintenance of synaptic contacts
Cell signaling CaMKII • Signaling system
• Important in learning and memory
CREB staining • Cellular transcription factor
• Involvement in learning and memory
Akt protein determination • Involvement in cell signaling (cell proliferation)
Metabolic
homeostasis
Glucocorticoids receptor, 11-beta-HSD1,
ghrelin receptor, leptin receptor, p-AMPK, and
SIRT1
• Molecular systems that play dual roles on metabolism and synaptic plasticity
Oxidative
stress
Amount of oxidized proteins • Measurement of oxidative stress
11-beta-HSD, 11-beta-hydroxysteroid-dehydrogenase; AMPA, Alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BDNF, Brain-derived neurotrophic factor; BrdU,
Bromodeoxyuridine; CaMKII, Calmodulin-dependent protein kinase II; CREB, Cyclic adenosine monophosphate response element-binding protein; GAP-43, Growth associated protein
43; GFAP, Glial fibrillary acid protein; GluR 1/2, Glutamate receptor 1/2; MAP2a, Microtubule-associated protein 2a; mRNA, Messenger ribonucleic acid; NMDA, N-methyl-D-aspartate;
NR1/2A/2B, N-methyl-D-aspartate receptor 1/2A/2B; NT-3, Neuriphin-3; p-AMPK, Phospho-adenosine monophosphate-activated protein kinase; SIRT1, Sirtuin 1; STX-1/-3, Syntaxin
1/3; trkB/C, Tropomyosin receptor kinase B/C.
living in a nursing home or at home and having a mean age
around 65 years or higher. The studies evaluated the effects
of physical exercise (Dustman et al., 1984; Blumenthal et al.,
1991; Hill et al., 1993; Moul et al., 1995; Perrig-Chiello et al.,
1998; Kramer et al., 1999; Baum et al., 2003; Bastone Ade and
Jacob Filho, 2004; Colcombe et al., 2004, 2006; Ozkaya et al.,
2005; Zlomanczuk et al., 2006; Cassilhas et al., 2007; Brown
et al., 2009; Kamijo et al., 2009; Liu-Ambrose et al., 2010;
Muscari et al., 2010; Erickson et al., 2011; Ruscheweyh et al.,
2011; Voelcker-Rehage et al., 2011; Niemann et al., 2014), of
nutritional intervention (Deijen et al., 1992; Smith A. et al., 1999;
Smith A. P. et al., 1999; Cockle et al., 2000; Yaffe et al., 2004;
Wolters et al., 2005; Kang et al., 2006; Grodstein et al., 2007;
Malaguarnera et al., 2007; McMorris et al., 2007; McNeill et al.,
2007; Summers et al., 2010; Presley et al., 2011; Macpherson et al.,
2012; Rossom et al., 2012; Yasuno et al., 2012; Grodstein et al.,
2013; Kelly et al., 2013; Szczes´niak et al., 2014), or a combination
of physical exercise and nutritional intervention (Cetin et al.,
2010; Alves et al., 2013; van de Rest et al., 2014). Physical exercise
in the human studies consisted of either strength or aerobic
training that was usually done three times per week for 1 h
over a period of 4–12 months. Nutritional intervention included
(multi)vitamin supplementation, amino acids, nitrate enriched
diets, creatine, fatty acid, or protein supplementation. Small
nutritional supplementation studies were done over a period of
several months, while large nutritional supplementation trials
were done for several years. Many different outcomes have been
measured in the human trials (Table 3). The focus of the majority
of the articles was on cognitive tests. Briefly, cognitive tests
were administered to the participants to assess general cognitive
status, memory, executive function (EF), attention, intelligence,
and sensorimotor performance. Measurements concerning the
brain included brain volumes, brain activity, and metabolites
concentrations in the brain. In addition, blood samples were used
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TABLE 3 | Study outcomes measured in included human studies.
Category Outcome Details
Cognitive function Cognitive tests Tests for general cognitive functioning, memory, executive functions,
intelligence, attention, and sensorimotor performance
Brain structure Whole brain volume and regional brain volumes MRI: voxel based morphometry
Brain activity Electroencephalography: event-related potentials During a cognitive task or a sensory stimulus (sensory evoked potential)
Cerebral blood flow Determined from MRI
Apparent diffusion coefficients of white and gray matter Acquired using an eight channel SENSE head coil
Functional MRI: Cortical recruitment Functional MRI during a cognitive task
Blood markers Serum IGF-1, BDNF, dopamine, epinephrine and granulocyte
colony-stimulating factor levels, and total antioxidant capacity
Blood samples (cephalic vein)
Metabolism N-acetyl aspartate, creatine, choline, and myo-Inositol brain concentrations 1H magnetic resonance spectroscopy
BDNF, Brain-derived neurotrophic factor; IGF-1, Insulin like growth factor 1; MRI, Magnetic resonance imaging.
to measure serum BDNF, IGF-1, and neurotransmitter/hormone
levels.
Effects of Physical Exercise and Nutritional
Intervention in Rodents
The detailed results of the rodent combinatory studies are
listed in Table 4. The detailed results of the rodent studies
examining physical exercise or nutritional intervention are
listed in the Supplementary Table 4. Ten studies evaluated
the effects of physical exercise and nutritional supplementation
on behavioral tests (Hansalik et al., 2006; Wu et al., 2008;
Chytrova et al., 2010; Khabour et al., 2010, 2013; Jacotte-
Simancas et al., 2013; Rachetti et al., 2013; Cechella et al.,
2014a,b; Bhattacharya et al., 2015). Three out of these ten
studies found additive effects of physical exercise and nutritional
supplementation onMorrisWaterMaze (MWM;Wu et al., 2008)
and object recognition task (Cechella et al., 2014a,b). Cechella
et al. (2014a,b) found the benefits in 24 months old rats but
not in 12 months old rats. However, the other seven studies
found no additive beneficial effects on cognitive performance
(Hansalik et al., 2006; Chytrova et al., 2010; Khabour et al.,
2010, 2013; Jacotte-Simancas et al., 2013; Rachetti et al., 2013;
Bhattacharya et al., 2015). Chytrova et al. (2010) and Rachetti
et al. (2013) found that both physical exercise and nutritional
supplementation resulted in improved learning or memory.
However, Jacotte-Simancas et al. (2013) and Khabour et al. (2010,
2013) found that only exercised groups improved spatial learning
and memory. On the other hand, Hansalik et al. (2006) found
no improvements in the MWM for any of the intervention
groups.
Four articles assessed BDNF levels, three of them in the
hippocampus (Wu et al., 2008; Khabour et al., 2010, 2013)
and one in the cerebral parietotemporal cortex (Strasser et al.,
2006). One study reported an additive effect (Wu et al., 2008),
two studies found increased BDNF levels in the physical
exercise group only (Khabour et al., 2010, 2013), and one
study found no increased levels in any group. Moreover, two
studies investigated the combinatory effect on synaptic proteins
and both studies reported additive effects (Wu et al., 2008;
Chytrova et al., 2010). In addition, three studies measured
cyclic adenosine monophosphate response element-binding
protein (CREB), Akt, or calmodulin-dependent protein kinase
II (CaMKII) concentrations in the hippocampus (Wu et al.,
2008; Cechella et al., 2014a,b). Wu et al. (2008) found that
the combinatory intervention had higher cell signaling protein
levels. However, Cechella et al. (2014a,b) measured increased
CREB levels in the physical exercise or in the nutritional
intervention group. Akt levels were only increased in the physical
exercise group. Gomez-Pinilla and Ying found an inconsistent
pattern of change in leptin and ghrelin receptor protein levels,
phosphor-adenosine monophosphate-activated protein kinase,
sirtuin 1, glucocorticoid receptor, and 11beta-hydroxysteroid
dehydrogenase type 1 levels in the hypothalamus and in the
hippocampus in rats (Gomez-Pinilla and Ying, 2010). At least,
one study showed a positive effect of the combination group
related to oxidative stress (decreased carbonyl levels; Wu et al.,
2008).
Effects of Physical Exercise and Nutritional
Intervention in Humans
The detailed results of the human studies that combined
physical exercise with a nutritional intervention are listed in
Table 5. The detailed results of the human studies examining
physical exercise or nutritional intervention in isolation are
listed in the Supplementary Table 5. Three studies evaluated
the combined effects of physical exercise and nutritional
supplements on cognitive functions (Cetin et al., 2010; Alves
et al., 2013; van de Rest et al., 2014). None of these studies
found additive effects of physical exercise and nutritional
supplementation. Alves et al. investigated the effects of resistance
training with creatine supplementation and found no change
for any of the cognitive tests (Alves et al., 2013). Van de
Rest et al. executed a similar protocol but with a protein
drink (van de Rest et al., 2014). The results indicated that
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physical exercise in combination with protein and the group
performing physical exercise only showed improvements in
different cognitive domains. No interaction effect was found
between the treatments. Cetin et al. looked at the effects of
endurance exercise with vitamin E supplementation (Cetin
et al., 2010). They found positive effects for the exercise
group and no effect for the vitamin E supplementation for
electroencephalography recordings. In addition, they found no
changes in the antioxidant capacity for any intervention group
(Cetin et al., 2010).
Quality Evaluation
The agreement on study quality criteria between the two
reviewers was substantial with an estimated Kappa value of
0.65 (95% confidence interval between 0.63 and 0.67). The
percentage of agreement between the two raters was 85.15%
for the human and rodent studies. The results of the physical
exercise, nutrition, and combination intervention of human
and rodent studies are summarized in the Supplementary
Tables 2, 3.
Rodent Studies
None of the 24 studies reached the maximum possible score
of 13 points. The quality scores ranged from a minimum
of 9 points to a maximum of 12. The mean quality score
was 10.29 points (range: 9–12 points), the median value was
10.5 points and the mode was 11 points. The mean score
for reporting was 5.04 points (maximum: 6 points; range: 4–
6 points), for internal validity (bias) 4.08 points (maximum:
5 points; range: 4–5 points), for internal validity (bias) 0.58
(maximum: 1 points; range: 0–1 points), and for power 0.58
(maximum: 1 points; range: 0–1 points). The mean score for
physical exercise studies was 11 points (maximum: 12 points;
range: 10–12 points), for nutritional supplementation studies was
9.77 points (maximum: 11 points; range: 9–11 points), and for
combination studies was 10.5 points (maximum: 12; range: 9–12
points).
Human Studies
One study from the total 43 studies reached the maximum
possible score of 21 points (Rossom et al., 2012). The average
score was 14.12 points ranging from a minimum of 6 to
a maximum of 21 points. The median value was 14 points
and the mode was 15 points. The mean score for reporting
was 7.21 points (maximum: 9 points; range: 3–9 points), for
external validity 0.65 points (maximum: 2; range: 0–2 points),
for internal validity (bias) 4.02 (maximum: 5 points; range: 2–
5 points), for internal validity (confounding) 1.88 (maximum:
4 points; range: 0–4 points), and for power 0.35 (maximum:
1 points; range: 0–1 points). The mean score for physical
exercise studies was 13.29 points (maximum: 20 points; range:
6–20 points), for nutritional supplementation studies was 14.68
points (maximum: 21 points; range: 10–21 points), and for
combination studies was 16.33 points (maximum: 19; range:
15–19 points).
DISCUSSION
Summary
The aim of this systematic review was to evaluate whether
the combination of physical exercise and nutritional
supplementation has greater benefits (additive effects) on
brain structure and function than their separate administrations.
Studies measured cognitive functioning with the help of
behavioral tests and associated parameters including metabolic
and structural neuronal changes on brain level. In human
trials, the combination of physical exercise and nutritional
supplementation did not lead to any additive effects. In rodents,
four studies showed additive effects on different outcomes (Wu
et al., 2008; Chytrova et al., 2010; Cechella et al., 2014a,b). Wu
et al. showed additive effects on behavioral level, on BDNF
level, on synaptic protein levels, and on oxidative stress using
a combination of running exercise and docosahexaenoic acid
(DHA) supplementation (Wu et al., 2008). Moreover, Chytrova
et al. (2010) found additive effects on synaptic protein levels
using a combination of running and DHA supplementation.
Cechella et al. found additive effects on behavioral level using
a combination of swim training and selenium (Cechella et al.,
2014a,b).
The search strategy led to the identification of many articles
with different brain function related outcomes. However, the
studies that used a combination approach had a poor-moderate
quality and were rather heterogenic which, in turn, led to
difficulties comparing the results and performing ameta-analysis.
The limited availability of high-quality prospective studies that
used a combined approach warrants further targeted future
research investigating the effects of combined approaches on
the brain. Based on our findings we will discuss and suggest
directions for future research related to combined interventions
with physical exercise and nutritional supplements. Through this
review it became apparent that isolated interventions of either
physical exercise or nutrition were able to effect on brain in
both mammals and humans. However, combinations of these
components were not having an effect. It appears that many
of the included studies have been using a “complementary”
approach where the administration of physical exercise and
nutritional components were not combined with the intention
to cause an effect on similar mechanisms. No studies explicitly
used an “additive” approach with the aim to enhance effects
of the combined physical-exercise-&-nutrition-approach because
both components shared similar mechanisms. For elucidating
this seemingly contradiction we continue this discussion by
considering the effects of studies applying either physical exercise
or nutritional supplementations with the aim to effect on brain.
Practices of various interventions are discussed together with
the underlying mechanisms that theoretically would explain the
effects of the used intervention components.
Physical Exercise Interventions
Results from the three studies that looked at the effects of physical
exercise on cognition in rodents showed better performances
in learning and memory abilities. This finding is in agreement
with existing literature reviews suggesting that physical exercise
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TABLE 5 | Included human studies combining physical exercise and nutritional intervention.
Study Subjects Intervention Groups Outcomes Results
Alves et al., 2013 N = 56; women
Age range: 60–80
years
Strength exercise
3 sets for 7 exercise, 2× week
Creatine: 5 g/day
24 weeks
Creatine (I), exe (II), creatine
+ exe (III), non creatine +
non exercise (IV)
N = 14 per group
MMSE, Stroop test,
TMT, Digit span test,
delay recall test
No sig. diff. for any of the
variables
Cetin et al., 2010 N = 57; sedentary
Age range:
69.6–73.1 years
Aerobic exercise
90min, 3× week
Vitamin E
6 months
Exe (I), vitamin (II), exe +
vitamin (III), non exe + non
vitamin (IV)
N = 14–15 per group
EEG (auditory oddball
paradigm)
Plasma total
antioxidant capacity
P3 amplitude: no diff.
P3 latency: (I), (II), (III) shorter
latency compared to
Pre-treatment and (I)+(II)
shorter latency compared to
control
No diff. to control group or
within a group after 6
months
van de Rest et al.,
2014
N = 127; frail and
Pre-frail
Mean age: 79 ± 8
years
Strength exercise
2× week
Protein shake: twice daily
24 weeks
Exe + protein (I), exe +
placebo (II), non exe+
protein (III), non exe +
placebo (IV)
N = 62 (exe), 65 (non-exe)
Word learning test,
Digit Span Task, TMT
A&B, Stroop
Color-Word Test, Verbal
Fluency Test
Finger Pre-cuing task
Interaction effects
exe-protein
(I) vs. (III): improvement:
information processing
speed
(II) vs. (IV): improvement:
attention, working memory
Reaction time: improved
over time in all groups
No sig. interaction on any of
the cognitive domains
The studies are reported by subjects, intervention, groups, outcome measure, and results. EEG, Electroencephalography; Exe, Exercise; MMSE, Mini Mental Status Examination; TMT
A/B, Trail Making Test A/B.
in rodents benefits cognitive functioning (van Praag, 2009;
Gomez-Pinilla and Hillman, 2013). Interestingly, other studies
showed that the physical exercise component, especially forced
physical exercise, is able to activate neuronal brain metabolism
(O’Callaghan et al., 2007; Kinni et al., 2011). Furthermore,
providing opportunities for physical exercise is the critical
element of environmental enrichment explaining the influence
on neurogenesis (Kobilo et al., 2011). The mechanisms by
which physical exercise improves cognition are, however, not
yet fully understood. In the last couple of years, research seems
to support the idea that physical exercise affects cellular and
molecular systems associated with synaptic plasticity and energy
metabolism (Gomez-Pinilla and Hillman, 2013). BDNF plays an
essential role through the interaction with energy metabolism
and growth factors (IGF-1) to influence downstream effectors
mediating synaptic plasticity and neurogenesis, especially in
the hippocampus (Gomez-Pinilla and Hillman, 2013). The
hippocampus is an important area for learning and memory
(Gomez-Pinilla and Hillman, 2013). In this systematic review,
two studies found increased neurogenesis in the dentate gyrus
of running mice (Van der Borght et al., 2007; Mustroph et al.,
2012). In the hippocampus of running mice, Van der Borght
et al. (2007) found increased phosphorylated CREB levels, a
downstream effector of BDNF (Gómez-Pinilla, 2011).
In humans, aerobic exercise improved general cognitive
functioning, EF, perceptual speed, and to some extent also
memory. A meta-analytic review by Smith et al. found that
aerobic exercise led to modest improvements in attention and
processing speed, EF, and memory but did not affect working
memory (Smith et al., 2010). In contrast, a systematic review
by van Uffelen et al. found only weak evidence for better
cognition after physical exercise; only 5 out of 15 studies showed
significant improvements on some measures of cognition (van
Uffelen et al., 2008). In addition, a meta-analysis by Colcombe
et al. investigated the effects of fitness interventions on cognitive
functions (Colcombe and Kramer, 2003). They showed that the
largest benefits of physical exercise appear to be on EF. Hence,
results from this systematic review and other reviews seem to
support the idea that physical exercise has the most reliable
effects on EF. Moreover, one might speculate that improvements
in tests measuring general cognitive functioning might have
been originated from improvements in subtests assessing EF.
Although we do not know the sub-scores of the Mini Mental
State Examination (MMSE), the study by Moul et al. using
the Ross Information Processing Assessment to assess general
cognitive functioning supports this hypothesis (Moul et al.,
1995). The improved total score resulted from improvements
in two attentional demanding tasks (organization and auditory
processing). Differentiating the types of physical exercise, three
studies found positive effects on memory examined following
strength training. Two studies used strength training (Perrig-
Chiello et al., 1998; Cassilhas et al., 2007) and one study combined
strength training with endurance exercise (Zlomanczuk et al.,
2006). Moreover, resistance training improved general cognitive
functioning (Baum et al., 2003) and EF (Cassilhas et al., 2007;
Liu-Ambrose et al., 2010). A review by Chang et al. on resistance
exercise and cognition suggests that resistance exercise improves
cognitive functions including information processing speed,
attention, memory formation, and EF (Chang et al., 2012).
Interestingly, participants who underwent coordination training
improved in perceptual speed tasks (Voelcker-Rehage et al., 2011;
Niemann et al., 2014).
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The evaluation of neurogenesis and brain growth factors
concentration is limited in human studies. In the studies included
in our systematic review, the authors used magnetic resonance
imaging techniques to assess brain volumes. Erickson et al. found
that aerobic type of exercise was able to increase the hippocampus
volume (Erickson et al., 2011). The results support the idea
that physical exercise induces neurogenesis in the hippocampus.
Furthermore, positive effects of aerobic type of exercise on
brain volumes were found in the anterior cingulate cortex, the
supplementary motor area, the right inferior frontal gyrus, the
left superior temporal gyrus, and the anterior white matter
(Colcombe et al., 2006; Ruscheweyh et al., 2011). The brain
regions have been associated with critical cognitive processes
(prefrontal cortex) and memory (temporal lobes; Colcombe
et al., 2006). Moreover, the prefrontal cortex is considered
to play an important role in EF (Funahashi, 2001) and has
been shown to be susceptible to aging (Kamijo et al., 2009).
In fact, Raz et al. argue that the brain regions that are late
to mature (i.e., frontal regions) are also the most vulnerable
to cognitive decline (Raz et al., 2005). In addition, cognitive
aging seems to affect mainly tasks that require substantial
mental effort and novel stimuli, such as EF, whereas semantic
knowledge appears to be well preserved (Gunning-Dixon et al.,
2009). On the other hand, strength training decreased whole
brain volume (Liu-Ambrose et al., 2010). This finding seems
paradoxical, since decreased brain volume is usually associated
with impaired function (Carlson et al., 2008). However, Liu-
Ambrose and colleagues concluded that this phenomenon
needs to be further investigated (Liu-Ambrose et al., 2010).
Interestingly, participants who underwent coordination training
increased globus pallidus and caudate volumes (Voelcker-Rehage
et al., 2011; Niemann et al., 2014). The two sub-regions of
the basal ganglia are involved in prefrontal cognitive processes
such as planning and working memory (Middleton and Strick,
1994). Since the dorsal part of basal ganglia is involved in
motor learning (Niemann et al., 2014), it is not surprising that
coordination training affected this area of the brain. This fact
would also support the improvement in the perceptual speed
task.
In an event-related potential study, latency of the P3
component has been attributed to information processing speed,
attention, and working memory (Kügler et al., 1993). Ozkaya
et al. found better early sensory processing for the strength but
not for their endurance training group (Ozkaya et al., 2005).
Kamijo et al. investigated the effects of one bout of aerobic
exercise and found improved P3 latencies (Kamijo et al., 2009).
Two studies used functional magnetic resonance imaging to
evaluate brain activation during a flanker task (Colcombe et al.,
2004; Voelcker-Rehage et al., 2011), and they showed greater
activity in attentional control areas and reduced activity in the
anterior cingulate cortex (ACC) that could be attributed to more
efficient information processing (Voelcker-Rehage et al., 2011).
Colcombe et al. argued that the successful completion of the
incongruent flanker task requires activation of the frontal and
parietal circuitry involved in spatial attention and a decreased
activation of the ACC involved in response conflict (Colcombe
et al., 2004).
With respect to blood markers, no increased serum BDNF
or catecholamine levels were found after aerobic exercise.
Erickson et al. found no significant changes in BDNF levels,
but they found that changes in BDNF levels correlate with
changes in hippocampal volume (Erickson et al., 2011). However,
Ruscheweyh et al. also found no significant increase in BDNF
levels after physical exercise (Ruscheweyh et al., 2011). The
authors argued that the absence of increased BDNF levels in the
blood could be due to two reasons: [1] levels could tailor off after
approximately 1 month of training, [2] or cerebral BDNF levels
might have been a better measure than blood levels to measure
the impact of physical exercise on this parameter, although BDNF
has been shown to pass the blood brain barrier. However, one
study showed that resistance training for 6 months increased
serum IGF-1 levels (Cassilhas et al., 2007), and this increase
correlated with cognitive performance. The results support the
hypothesis that IGF-1 plays an important role in cognition. Thus,
more studies are needed to clarify the effect of aerobic exercise
and resistance exercise on serum IGF-1 levels and on BDNF
levels, respectively.
Overall, the results suggest that different types of physical
exercise affect different cognitive domains through different
mechanism. This is in line with previous research showing
differing effects in the brain based on different exercise
approaches. Where aerobic training increases activation in the
sensorimotor network, coordination training leads to a higher
activation of the visuospatial network (Voelcker-Rehage et al.,
2011), and strength training has the potential to change the
hemodynamic activity of brain regions associated with response
inhibition processes (Liu-Ambrose et al., 2012). This is an
indication that the types of physical training are likely to have
task specific effects on the brain. Hence, combining aerobic
exercise, strength training, and coordination training might
be more beneficial for cognitive functioning than performing
just one type of physical exercise. This kind of combined
intervention was also suggested by Kramer et al. (1999).
A recent study indeed demonstrated that a multicomponent
simultaneous cognitive-physical training program was able to
boost particularly EFs (including shifting attention and working
memory) in healthy older adults compared to an exclusively
physical multicomponent program (Eggenberger et al., 2015a),
and that depending on the type of cognitive-physical training
program applied differential training specific adaptations in
brain function related walking parameters may be observed
(Eggenberger et al., 2015b). However, it seems important that
the principles of exercise training are consistently followed and
accurately reported for physical exercise interventions (Ammann
et al., 2014). Application of physical exercise principles
(specificity, overload, progression, initial values, reversibility,
and diminishing returns) ensures that the dose and type of
physical exercise is planned to maximize the benefits for the
recipients (Ammann et al., 2014). Such information was difficult
to derive from the majority of studies included in this systematic
review. It can be hypothesized that the lack of effect of physical
exercise on the brain in some of the reports is partly due to not
considering the quantity and quality of the exercise needed to
trigger responses in the brain.
Frontiers in Aging Neuroscience | www.frontiersin.org 12 July 2016 | Volume 8 | Article 161
Schättin et al. Exercise, Nutrition, and Elderly Brain
Nutritional Supplementation
In rodent studies, four out of five studies showed positive effects
on learning, and only one study showed positive effects on
memory using CR. However, these results have to be interpreted
with caution. First of all, CR has also been shown to have
negative effects on cognition. CR impairs memory assessed with
object recognition (Carter et al., 2009) and increases anxiety
like behavior, probably due to increased cortisol levels (Kuhla
et al., 2013). Moreover, the study of Carter et al. evaluated
whether the beneficial effects of CR are attributed to increased
physical activity (Carter et al., 2009). They showed that CR
rats had significantly higher activity levels than ad libitum
(AL) fed rats. Moreover, the distance to reach the platform
in the MWM task, which is not confounded by fitness, was
the same in AL and CR rats. However, Kuhla et al. found
improvements in spatial learning and working memory in
CR rats that moved less than AL rats (Kuhla et al., 2013).
Hence, the question whether CR has beneficial effects on
cognition remains controversial. CR has often been used as an
intervention because excess calorie intake might reduce synaptic
plasticity through increased oxidative stress and subsequent cell
damage (Gómez-Pinilla, 2008). In mice and rats, Lee et al.
found that CR enhances neurogenesis by increasing survival of
newly generated cells but not proliferation (Lee et al., 2000,
2002). This finding is interesting because physical exercise and
CR appear to control different mechanisms; physical exercise
increased newly generated cells in the hippocampus whereas CR
promoted survival of cells in the hippocampus. The hypothesis
that physical exercise is the strongest neurogenic stimulus is
also supported by a review by van Praag on exercise and the
brain (van Praag, 2009). If physical exercise and nutritional
supplementation act differently on neurogenesis, their combined
effects on neurogenesis could provoke additive results. However,
a study by van Praag et al. showed that running increased
both cell proliferation and survival in the hippocampus of mice
(van Praag et al., 1999). Furthermore, the confounding effect of
physical activity in CR mice or rats cannot be fully excluded
(Lee et al., 2002). In addition to neurogenesis, Lee et al. showed
increased BDNF (Lee et al., 2000, 2002) and NT-3 (Lee et al.,
2002) levels in the hippocampus after CR (Lee et al., 2002).
They argued that this might mediate the positive effects of CR
on neurogenesis (Lee et al., 2002). These findings are in line
with a review by Gomez-Pinilla on the effects of nutrients on
brain function and a study by Duan et al. on CR (Duan et al.,
2001; Gómez-Pinilla, 2008). Both studies suggested that CR
increases BDNF levels and that this might mediate the effects on
synaptic plasticity. Moreover, the authors illustrated that CR in
rats was able to stabilize the decrease in key synaptic protein levels
occurring with age. Again, these synaptic proteins are thought to
be associated with synaptic plasticity in the hippocampus (Adams
et al., 2008).
Studies that evaluated nutritional supplements showed no
benefits for learning or memory using taurine or niacin (Young
et al., 2007; Ito et al., 2009). For example, Young et al.
showed that niacin supplementation worsened spatial learning
ability, probably due to increased brain nicotinamide adenine
dinucleotide and cyclic adenosine diphosphate ribose levels
that facilitate long term depression and impair long term
potentiation (Young et al., 2007). In addition, epinephrine
supplementation did not lead to significant improvements in
learning and memory (Jacotte-Simancas et al., 2013). On the
other hand, DHA and diphenyl diselenide supplementation
resulted in improved learning and memory (Wu et al., 2008;
Chytrova et al., 2010; Gomez-Pinilla and Ying, 2010; Rachetti
et al., 2013; Cechella et al., 2014a,b). The finding is in agreement
with a review by Su that illustrated the positive effects of DHA
on learning and memory performance in rodents (Su, 2010).
Results from this systematic review suggest that the effects of the
diphenyl diselenide supplementation on learning and memory
involve CREB phosphorylation without altering the levels of Akt
(Cechella et al., 2014b).
In humans, vitamin and multivitamin supplementation did
not seem to positively affect scores of cognitive tests. No evidence
was found for EF, processing speed, attention, or intelligence. A
systematic review and meta-analysis by Grima et al. on the effects
of multivitamin supplementation on cognitive performance
revealed minimal benefits after vitamin supplementation (Grima
et al., 2012). They showed that only immediate free recall
memory seemed to profit from vitamin supplementation but not
the other cognitive domains. On the other hand, cross sectional
studies show associations between vitamin status and cognitive
functioning. For example, a recent systematic review showed
that low vitamin D status is associated with lower outcomes
in cognitive tests (van der Schaft et al., 2013). In addition,
Cockle et al. list many other studies that showed associations
between vitamin status and cognitive functioning, for example
vitamin B12 and memory or folate and spatial copying ability
(Cockle et al., 2000). Smith et al. found no improvements
in cognitive functions after multivitamin supplementation.
However, a subgroup analysis revealed that individuals with low
baseline levels of vitamin C improved in cognition after the
supplementation (Smith A. P. et al., 1999). We think that the
discrepancy between cross sectional and interventional studies
arises because studies in our systematic review investigated the
possible causal effects of supplementation in healthy individuals
without known vitamin deficiencies.
The other supplementation studies showed different effects
on cognitive functioning in humans. L-carnitine or anserine
plus carnosine improved MMSE scores. It is noteworthy that
improvements were only seen in very old people. For example,
Malaguarnera et al. (2007) investigated the effects of L-carnitine
on centenarians and Szczes´niak et al. (2014) found improved
MMSE scores after anserine and carnosine supplementation only
in people aged 81–94 but not in those aged 65–80 (Malaguarnera
et al., 2007; Chytrova et al., 2010). In addition, participants
from the study by Malaguarnera et al. (2007) had very low
baseline scores of theMMSE, averaging 16.5 points. Furthermore,
fish oil together with lycopene and gingko biloba improved
general cognitive functioning, memory, and processing speed
and attention (Yasuno et al., 2012). Other studies that investigated
the effects of n-3 polyunsaturated fatty acid on cognitive
functions found no positive effects on cognition (Rogers et al.,
2008; Quinn et al., 2010). McMorris et al. found that creatine
supplementation improved memory scores, but the study quality
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was rather low (McMorris et al., 2007). A higher ranked study (15
points) combined creatine with resistance exercise and reported
no improvement in memory, EF, or MMSE in the creatine
group (Alves et al., 2013). In addition, NO3 supplementation
showed no beneficial effects on cognition (Kelly et al., 2013). The
inconsistent results of this systematic review limit the strength
of the evidence that supports the intake of supplements on
cognition.
Our search strategy detected no studies that evaluated
the effects of nutritional supplementation on brain volumes
or neurotrophin blood levels in humans due to the fact
that the proposed mechanisms of supplements, especially of
vitamin supplementation, usually involve antioxidant properties.
Antioxidant foods have been claimed to favor cognition because
of the susceptibility of the brain to oxidative damage (Gómez-
Pinilla, 2008). However, in our systematic review few antioxidant
supplements had positive effects on cognition. Reasons could
be that participants were too healthy (Cockle et al., 2000; Kelly
et al., 2013), In addition, antioxidant supplementation might
protect against the deleterious effects of diets rich in saturated fats
and sugars which have been shown to increase oxidative stress
and decrease hippocampal BDNF levels (Gómez-Pinilla, 2011).
Overall, results from vitamin studies seem to support the idea
that vitamin supplementation is beneficial for cognition only in
participants with low baseline vitamin status.
Two studies hypothesized that nitrate would be converted
to nitric oxide that results in a vasodilation and consequently
increases blood flow to the brain (Presley et al., 2011; Kelly
et al., 2013). However, Kelly et al. found no positive effect
on any of the measured outcomes (cognitive tests, apparent
diffusion coefficients, and brain metabolite concentrations; Kelly
et al., 2013). Furthermore, Presley et al. found no differences
in global perfusion (Presley et al., 2011). Both studies used
very short intervention periods of two to two-and-a-half days.
Hence, studies with longer NO3 supplementation periods seem
necessary to evaluate long term effects on brain perfusion and
cognition (Kelly et al., 2013).
The search strategy did not yield studies that investigated the
effects of CR in elderly humans. However, hand searching yielded
a study that showed beneficial effects of CR (30% reduction)
on memory performance in healthy elderly (Witte et al., 2009).
Higher synaptic plasticity and stimulation of neurofacilitatory
pathways might be due to improved insulin sensitivity and
reduced inflammatory activity.
Combination of Physical Exercise and
Nutritional Supplementation
In rodent studies, DHA or diphenyl diselenide in combination
with physical exercise evoked additive effects (Wu et al., 2008;
Chytrova et al., 2010; Cechella et al., 2014a,b). DHA is a
dietary omega-3 fatty acid and has the potential to affect
synaptic plasticity and cognition (Gómez-Pinilla, 2008, 2011).
A review on brain foods described why DHA is important for
cognition and brain heath: DHA constitutes more than 30% of
phospholipids of plasma membranes of neurons, and thus plays
a crucial role for synaptic function (Gómez-Pinilla, 2008). More
importantly, DHA can affect molecules such as BDNF and IGF-1
which in turn can activate signaling systems such as mitogen-
activated protein kinase, CaMKII, and phosphoinositide 3-
kinase/Akt/mammalian target of rapamycin (Gómez-Pinilla,
2008). Therefore, DHA seems to have the potential to facilitate
synaptic transmission, to modulate synaptic plasticity and
cognitive function, and to support long term potentiation which
is associated with learning and memory (Gómez-Pinilla, 2008).
Interestingly, the effects of physical exercise seem to depend
on similar mechanisms involving BDNF mediated synaptic
plasticity and energy homeostasis (Gómez-Pinilla, 2011). Thus,
DHA supplementation could complement the actions of physical
exercise resulting in an effective strategy to counteract cognitive
decline (Gómez-Pinilla, 2011). In both studies, the combination
had greater effects on hippocampal BDNF levels, synaptic
protein and signaling molecules levels, on proteins involved
in metabolic homeostasis, and on oxidative stress (Wu et al.,
2008; Chytrova et al., 2010). However, the positive effects were
only seen in two studies (Wu et al., 2008; Chytrova et al.,
2010) which used an identical design: 12 days of 1.25% DHA
supplementation with or without free access to a running
wheel on 24 Sprague-Dawley rats. Both studies using diphenyl
diselenide and swimming expected increased CREB level as
mediator for improved memory (Cechella et al., 2014a,b). As the
CREB levels did not change, the question about the underlying
neurobiological mechanism remains to be elucidated.
In humans, none of the three studies that combined physical
exercise and nutritional supplementation showed additive effects
(Cetin et al., 2010; Alves et al., 2013; van de Rest et al., 2014).
The reason for no additive effects might be that the combination
of intervention components was not explicitly selected based
on a shared mechanism and, therefore, evoked complementary
effects at best. This means that the chosen single components
(physical exercise or nutritional intervention) of the combined
administration act not on the same neurobiological cascade to
produce additive effects.
To evoke possible additive effects, three items seemingly
should be taken into account: [1] training principles to ensure
quality and quantity of the exercise component, [2] dose
and duration of diet or nutritional supplementation, and [3]
the selected nutritional component(s) and physical exercise
should act on the same neurobiological cascade. The results
can be interpreted in the sense that so far there seems
to be a mismatch in many studies between the exercise
program offered and the nutritional supplements given. It seems
reasonable to assume that the nutritional supplements should
be selected based on the theoretical effect they have on the
brain; e.g., they preferably should share similar mechanisms
with exercise (Gómez-Pinilla, 2011) and, thus, theoretically
have the potential to complement the action of exercise.
Possible additive effects might be achieved, if both components
(physical exercise and nutrition) act complementary on the same
molecular mechanisms. Other influencing factors are the genetic
component and the living environment that are very individual
in humans, but more or less identical in rodents. In humans,
the individual genetic variability influences individual response
to nutritional intervention (Dauncey, 2015).
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Strengths and Limitations
Review
The standards of reporting animal experiments lag behind
those of human RCTs (Muhlhausler et al., 2013), which is
a potential concern for bias. Furthermore, publication bias
related to overstatement of efficacy may negatively affect the
interpretation of animal studies (Sena et al., 2010). A further
limitation relates to the focus on older animals and humans.
The precise correlation between the age of rodents and humans
is subject of debate implying, when age is an important factor,
differences between animals and humans should be taken into
consideration (Sengupta, 2013).
For the human trials, the majority of included studies resulted
from the reference list search. Hence, we cannot guarantee that
all studies examining nutritional supplementation and physical
exercise on cognition in healthy elderly are included in this
systematic review. Moreover, we performed no gray literature
search, and thus cannot guarantee that there was no publication
bias. Another limitation is that the included studies are very
heterogeneous regarding included participants, interventional
design, and outcomes. This heterogeneity hindered a meta-
analytical approach which would have been a more objective way
to quantify the results.
Individual Studies
Generally, the included studies in this systematic review were
of good quality. In the quality evaluation of rodent studies,
the question assessing power had a low average score because
it was often not possible to be determined (the results were
displayed in graphs and not tabulated). Question 25 addressing
confounding averaged only 0.58 points due to insufficient
information regarding the number of rodents that were used
for the analysis. The small differences in scores between studies
might be explained through the very similar study designs.
However, in human studies quality scores varied much more,
probably due to heterogeneous study designs. Moreover, it is
important to keep in mind that quality scores rely upon the
quality of reporting rather than the quality of the actual study
conduct (Harris et al., 2013).
Furthermore, the number of cognitive tests used in human
studies is huge, and almost every study used different tests.
Moreover, it was common that some authors used the same
specific test but evaluated different cognitive domains. In other
words, no standardized way is present to evaluate cognitive
functioning. In addition, it can be argued that the applied
tests were not always appropriate causing a suspected misfit
between the targets of the intervention and the used (un)specific
outcome tests. For example, many authors used the MMSE to
evaluate general cognitive functioning. However, the MMSE is a
diagnostic tool not designed to measure change or improvement
and might, therefore, suffer from ceiling effects (Summers
et al., 2010). In animals, the MWM was often used to evaluate
learning and memory. However, Fitting et al. suggested that
the improvements in latency after CR were due to preservation
of motor function and not due to cognition (Fitting et al.,
2008). In addition, Jacotte-Simancas et al. argued that exercised
animals might perform better than sedentary animals in the
MWM because they cope better with the physical effort and
stress generated by the task (Jacotte-Simancas et al., 2013).
Hence, motor fitness could be a confounding factor for cognitive
performance evaluation in the MWM. An additional possible
limitation of the studies with rodents relates to the gender
distribution of the investigated animals. The fast majority of the
animal studies identified through the systematic literature search
were carried out on male animals only. From human studies we
know that some brain related impairments affect women more
than men; e.g., sex disparity in stroke prevalence persists with
women being more affected then men (Towfighi et al., 2011).
It seems important that future studies test interventions in both
sexes.
Conclusion
In healthy elderly humans, no additive effects were identified for
nutritional supplementation and physical exercise. In rodents,
DHA and physical exercise or selenium and physical exercise
resulted in additive effects on learning and on neurobiological
measures. The main interventions that resulted in improved
cognition or associated parameters were aerobic type of
exercise, strength training, coordination training, CR, and DHA
supplementation. It can, thus, be speculated that a combination
of these interventions might provide better cognitive outcomes
than just their sole administration. More research is needed
examining the possible additive effects of physical exercise
and nutritional intervention in humans. This systematic review
reveals that applications of targeted exercise in combination with
nutritional supplements with the aim to effect on the brain are
still at a fledgling stage. There are, however, interesting first
results in rodent studies that encourage further work in this field
and which hold promise for utilizing the combined exercise-
nutrition approach as a therapeutic tool.
Future Direction
A central element of successful cognitive rehabilitation for older
adults should be the design of interventions that either re-
activate disused or damaged brain regions, or that compensates
for decline in parts of the brain through the activation of
compensatory neural reserves (Hogan, 2005). Based on the
results of the systematic review, we would design further
combinatory studies as follows: Based on the findings of this
review the nutritional supplements should be selected such
that they share similar mechanisms with exercise and, thus,
theoretically have the potential to support the action of exercise.
Physical exercise would base on a combination of aerobic and
strength exercise that also includes a cognitive component.
Considering the cognitive part, previous research suggests a
focus on executive functioning processes including enriched
environments that provide physical activities with decision-
making opportunities because these are believed to be able
to facilitate the development of both motor performance and
brain functions (Yan and Zhou, 2009). The use of virtual reality
environments for virtual augmented exercise has recently been
proposed as having the potential to increase exercise behavior
in older adults in combination with the potential to influence
cognitive abilities (de Bruin et al., 2010). At present there is
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evidence that specific types of video games are able altering brain
structure (Shams et al., 2015) and function (Eggenberger et al.,
2016) and, when added to a multicomponent exercise program,
improve certain aspects of cognitive functioning (Eggenberger
et al., 2015a,b). Future research should develop, implement,
and evaluate for example virtual reality based training scenarios
that allows the combination of aerobic and strength exercises
together with cognition. Moreover, video games allow the
implementation of FITT (Frequency, Intensity, Type, and Time)
training principles to ensure that the dose and type of physical
exercise is planned to maximize the benefits for the recipients.
For nutrition, a diet including omega-3 fatty acid, is assumed to
have the potential to affect synaptic plasticity and cognition. A
previous study performed in humans showed beneficial effects
on cognitive functioning and memory (Witte et al., 2014).
Furthermore, one study investigated the effects of CR in healthy
elderly humans (Witte et al., 2009). In rodents, CR showed
positive effects on brain function, but CR studies should be
controlled for the confounding factor of increased physical
activity.
In future studies, authors should agree upon a standardized
set of tests in order to compare the results between studies,
since there is a myriad of tasks that have been proposed to
evaluate cognitive functioning. However, physical activity and
nutrition are closely linked together, and positive effects of
physical exercise might be confounded by better nutrition.
Controlling for this factor appears necessary, if one wants to
evaluate the additive effects of physical exercise and nutrition on
cognition.
AUTHOR CONTRIBUTIONS
AS, KB, and JS developed the research question under the lead
of PW and ED. The concept and design part was established
by AS, KB, and JS while PW and ED acted as methodological
councils. AS, KB, and JS did articles acquisition as well as
analysis and interpretation of the articles which was edited and
improved by PW and ED. AS and JS produced an early version
of the manuscript. KB, PW, and ED substantially revised the
manuscript to bring it to its current version. All authors have read
and approved the final manuscript.
ACKNOWLEDGMENTS
The authors would like to thank Dr. Martina Gosteli of the
Medicinal Library of the University of Zurich for her help in
elaborating the search strategy. This article was supported by the
ETH Foundation through ETH Research Grant ET-17 13-2.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnagi.
2016.00161
REFERENCES
Adams, M. M., Shi, L., Linville, M. C., Forbes, M. E., Long, A. B., Bennett,
C., et al. (2008). Caloric restriction and age affect synaptic proteins in
hippocampal CA3 and spatial learning ability. Exp. Neurol. 211, 141–149. doi:
10.1016/j.expneurol.2008.01.016
Adlard, P. A., Perreau, V. M., and Cotman, C. W. (2005). The exercise-induced
expression of BDNF within the hippocampus varies across life-span.Neurobiol.
Aging 26, 511–520. doi: 10.1016/j.neurobiolaging.2004.05.006
Alves, C. R. R., Merege Filho, C. A. A., Benatti, F. B., Brucki, S., Pereira, R.
M. R., de Sá Pinto, A. L., et al. (2013). Creatine supplementation associated
or not with strength training upon emotional and cognitive measures in
older women: a randomized double-blind study. PLoS ONE 8:e76301. doi:
10.1371/journal.pone.0076301
Ammann, B. C., Knols, R. H., Baschung, P., de Bie, R. A., and de Bruin, E. D.
(2014). Application of principles of exercise training in sub-acute and chronic
stroke survivors: a systematic review. BMCNeurol. 14:167. doi: 10.1186/s12883-
014-0167-2
Bastone Ade, C., and Jacob Filho, W. (2004). Effect of an exercise program on
functional performance of institutionalized elderly. J. Rehabil. Res. Dev. 41,
659–668. doi: 10.1682/JRRD.2003.01.0014
Baum, E. E., Jarjoura, D., Polen, A. E., Faur, D., and Rutecki, G. (2003).
Effectiveness of a group exercise program in a long-term care facility: a
randomized pilot trial. J. Am. Med. Dir. Assoc. 4, 74–80. doi: 10.1016/S1525-
8610(04)70279-0
Bhattacharya, T. K., Pence, B. D., Ossyra, J. M., Gibbons, T. E., Perez, S., McCusker,
R. H., et al. (2015). Exercise but not (–)-epigallocatechin-3-gallate or β-alanine
enhances physical fitness, brain plasticity, and behavioral performance in mice.
Physiol. Behav. 145, 29–37. doi: 10.1016/j.physbeh.2015.03.023
Blumenthal, J. A., Emery, C. F., Madden, D. J., Schniebolk, S., Walsh-Riddle, M.,
George, L. K., et al. (1991). Long-term effects of exercise on psychological
functioning in older men and women. J. Gerontol. 46, P352–P361. doi:
10.1093/geronj/46.6.P352
Brickman, A. M., Zimmerman, M. E., Paul, R. H., Grieve, S. M., Tate, D. F.,
Cohen, R. A., et al. (2006). Regional white matter and neuropsychological
functioning across the adult lifespan. Biol. Psychiatry 60, 444–453. doi:
10.1016/j.biopsych.2006.01.011
Brown, A. K., Liu-Ambrose, T., Tate, R., and Lord, S. R. (2009). The effect of
group-based exercise on cognitive performance and mood in seniors residing
in intermediate care and self-care retirement facilities: a randomised controlled
trial. Br. J. Sports Med. 43, 608–614. doi: 10.1136/bjsm.2008.049882
Cai, L., Chan, J. S., Yan, J. H., and Peng, K. (2014). Brain plasticity
and motor practice in cognitive aging. Front. Aging Neurosci. 6:31. doi:
10.3389/fnagi.2014.00031
Carlson, N. E., Moore, M. M., Dame, A., Howieson, D., Silbert, L. C., Quinn, J. F.,
et al. (2008). Trajectories of brain loss in aging and the development of cognitive
impairment. Neurology 70, 828–833. doi: 10.1212/01.wnl.0000280577.43413.d9
Carter, C. S., Leeuwenburgh, C., Daniels, M., and Foster, T. C. (2009). Influence
of calorie restriction on measures of age-related cognitive decline: role of
increased physical activity. J. Gerontol. 64, 850–859. doi: 10.1093/gerona/glp060
Cassilhas, R. C., Viana, V. A., Grassmann, V., Santos, R. T., Santos, R.
F., Tufik, S., et al. (2007). The impact of resistance exercise on the
cognitive function of the elderly. Med. Sci. Sports Exerc. 39, 1401–1407. doi:
10.1249/mss.0b013e318060111f
Cechella, J. L., Leite, M. R., Gai, R. M., and Zeni, G. (2014a). The
impact of a diphenyl diselenide-supplemented diet and aerobic exercise
on memory of middle-aged rats. Physiol. Behav. 135, 125–129. doi:
10.1016/j.physbeh.2014.06.006
Cechella, J. L., Leite, M. R., Rosario, A. R., Sampaio, T. B., and Zeni, G. (2014b).
Diphenyl diselenide-supplemented diet and swimming exercise enhance novel
object recognition memory in old rats. Age 36:9666. doi: 10.1007/s11357-014-
9666-8
Frontiers in Aging Neuroscience | www.frontiersin.org 16 July 2016 | Volume 8 | Article 161
Schättin et al. Exercise, Nutrition, and Elderly Brain
Cetin, E., Top, E. C., Sahin, G., Ozkaya, Y. G., Aydin, H., and Toraman, F. (2010).
Effect of vitamin E supplementation with exercise on cognitive functions and
total antioxidant capacity in older people. J. Nutr. Health Aging 14, 763–769.
doi: 10.1007/s12603-010-0256-x
Chang, Y. K., Pan, C. Y., Chen, F. T., Tsai, C. L., and Huang, C. C. (2012). Effect
of resistance-exercise training on cognitive function in healthy older adults: a
review. J. Aging Phys. Act. 20, 497–517.
Choi, P., Ren, M., Phan, T. G., Callisaya, M., Ly, J. V., Beare, R., et al. (2012).
Silent infarcts and cerebral microbleeds modify the associations of white matter
lesions with gait and postural stability: population-based study. Stroke 43,
1505–1510. doi: 10.1161/STROKEAHA.111.647271
Chytrova, G., Ying, Z., and Gomez-Pinilla, F. (2010). Exercise contributes to
the effects of DHA dietary supplementation by acting on membrane-related
synaptic systems. Brain Res. 1341, 32–40. doi: 10.1016/j.brainres.2009.05.018
Clouston, S. A., Brewster, P., Kuh, D., Richards, M., Cooper, R., Hardy, R.,
et al. (2013). The dynamic relationship between physical function and
cognition in longitudinal aging cohorts. Epidemiol. Rev. 35, 33–50. doi:
10.1093/epirev/mxs004
Cockle, S. M., Haller, J., Kimber, S., Dawe, R. A., and Hindmarch, I. (2000). The
influence of multivitamins on cognitive function andmood in the elderly.Aging
Ment. Health 4, 339–353. doi: 10.1080/713649959
Colcombe, S., and Kramer, A. F. (2003). Fitness effects on the cognitive function of
older adults: a meta-analytic study. Psychol. Sci. 14, 125–130. doi: 10.1111/1467-
9280.t01-1-01430
Colcombe, S. J., Erickson, K. I., Raz, N., Webb, A. G., Cohen, N. J., McAuley,
E., et al. (2003). Aerobic fitness reduces brain tissue loss in aging humans. J.
Gerontol. A Biol. Sci. Med. Sci. 58, 176–180. doi: 10.1093/gerona/58.2.M176
Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, E.,
et al. (2006). Aerobic exercise training increases brain volume in aging humans.
J. Gerontol. A Biol. Sci. Med. Sci. 61, 1166–1170. doi: 10.1093/gerona/61.11.1166
Colcombe, S. J., Kramer, A. F., Erickson, K. I., Scalf, P., McAuley, E., Cohen, N.
J., et al. (2004). Cardiovascular fitness, cortical plasticity, and aging. Proc. Natl.
Acad. Sci. U.S.A. 101, 3316–3321. doi: 10.1073/pnas.0400266101
Concise Dictionary of Modern Medicine (2002). Cognitive Function.
New York, NY: McGraw-Hill.
Cotman, C. W., and Berchtold, N. C. (2002). Exercise: a behavioral intervention
to enhance brain health and plasticity. Trends Neurosci. 25, 295–301. doi:
10.1016/S0166-2236(02)02143-4
Cotman, C. W., Berchtold, N. C., and Christie, L. A. (2007). Exercise builds brain
health: key roles of growth factor cascades and inflammation. Trends Neurosci.
30, 464–472. doi: 10.1016/j.tins.2007.06.011
Dauncey, M. J. (2015). “Nutrition, genes, and neuroscience,” in Diet and Exercise
in Cognitive Function and Neurological Diseases, eds T. Farooqui, and A. A.
Farooqui (New Jersey: John Wiley & Sons, Inc.), 1–13.
de Bruin, E. D., Schoene, D., Pichierri, G., and Smith, S. T. (2010). Use of virtual
reality technique for the training of motor control in the elderly. Z. Gerontol.
Geriatr. 43, 229–234. doi: 10.1007/s00391-010-0124-7
Deijen, J. B., van der Beek, E. J., Orlebeke, J. F., and van den Berg, H.
(1992). Vitamin B-6 supplementation in elderly men: effects on mood,
memory, performance and mental effort. Psychopharmacology 109, 489–496.
doi: 10.1007/BF02247729
Downs, S. H., and Black, N. (1998). The feasibility of creating a checklist for
the assessment of the methodological quality both of randomised and non-
randomised studies of health care interventions. J. Epidemiol. Community
Health 52, 377–384. doi: 10.1136/jech.52.6.377
Duan,W., Lee, J., Guo, Z., andMattson,M. P. (2001). Dietary restriction stimulates
BDNF production in the brain and thereby protects neurons against excitotoxic
injury. J. Mol. Neurosci.16, 1–12. doi: 10.1385/JMN:16:1:1
Dustman, R. E., Ruhling, R. O., Russell, E. M., Shearer, D. E., Bonekat, H.
W., Shigeoka, J. W., et al. (1984). Aerobic exercise training and improved
neuropsychological function of older individuals. Neurobiol. Aging 5, 35–42.
doi: 10.1016/0197-4580(84)90083-6
Eggenberger, P., Schumacher, V., Angst, M., Theill, N., and de Bruin, E. D.
(2015a). Does multicomponent physical exercise with simultaneous cognitive
training boost cognitive performance in older adults? A 6-month randomized
controlled trial with a 1-year follow-up. Clin. Interv. Aging 10, 1335–1349. doi:
10.2147/CIA.S87732
Eggenberger, P., Theill, N., Holenstein, S., Schumacher, V., and de Bruin, E.
D. (2015b). Multicomponent physical exercise with simultaneous cognitive
training to enhance dual-task walking of older adults: a secondary analysis of a
6-month randomized controlled trial with 1-year follow-up. Clin. Interv. Aging
10, 1711–1732. doi: 10.2147/CIA.S9199
Eggenberger, P., Wolf, M., Schumann, M., and De Bruin, E. D. (2016). Exergame
and balance training modulate prefrontal brain activity during walking and
enhance executive function in older adults. Front. Aging Neurosci. 8:66. doi:
10.3389/fnagi.2016.00066
Erickson, K. I., Voss, M.W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., et al.
(2011). Exercise training increases size of hippocampus and improves memory.
Proc. Natl. Acad. Sci. U.S.A. 108, 3017–3022. doi: 10.1073/pnas.1015950108
Fitting, S., Booze, R. M., Gilbert, C. A., and Mactutus, C. F. (2008). Effects of
chronic adult dietary restriction on spatial learning in the aged F344 x BN
hybrid F1 rat. Physiol. Behav. 93, 560–569. doi: 10.1016/j.physbeh.2007.10.017
Funahashi, S. (2001). Neuronal mechanisms of executive control by the prefrontal
cortex. Neurosci. Res. 39, 147–165. doi: 10.1016/S0168-0102(00)00224-8
Gómez-Pinilla, F. (2008). Brain foods: the effects of nutrients on brain function.
Nat. Rev. Neurosci. 9, 568–578. doi: 10.1038/nrn2421
Gomez-Pinilla, F. (2011). The combined effects of exercise and foods in preventing
neurological and cognitive disorders. Prev. Med. 52(Suppl. 1), S75–S80. doi:
10.1016/j.ypmed.2011.01.023
Gomez-Pinilla, F., and Hillman, C. (2013). The influence of exercise on cognitive
abilities. Compr. Physiol. 3, 403–428. doi: 10.1002/cphy.c110063
Gomez-Pinilla, F., and Ying, Z. (2010). Differential effects of exercise and dietary
docosahexaenoic acid onmolecular systems associated with control of allostasis
in the hypothalamus and hippocampus. Neuroscience 168, 130–137. doi:
10.1016/j.neuroscience.2010.02.070
Gooney, M., Messaoudi, E., Maher, F. O., Bramham, C. R., and Lynch, M. A.
(2004). BDNF-induced LTP in dentate gyrus is impaired with age: analysis
of changes in cell signaling events. Neurobiol. Aging 25, 1323–1331. doi:
10.1016/j.neurobiolaging.2004.01.003
Grima, N. A., Pase, M. P., Macpherson, H., and Pipingas, A. (2012). The effects
of multivitamins on cognitive performance: a systematic review and meta-
analysis. J. Alzheimers Dis. 29, 561–569. doi: 10.3233/JAD-2011-111751
Grodstein, F., Kang, J. H., Glynn, R. J., Cook, N. R., and Gaziano, J. M. (2007). A
randomized trial of beta carotene supplementation and cognitive function in
men: the Physicians’ Health Study, II. Arch. Intern. Med. 167, 2184–2190. doi:
10.1001/archinte.167.20.2184
Grodstein, F., O’Brien, J., Kang, J. H., Dushkes, R., Cook, N. R., Okereke, O., et al.
(2013). Long-term multivitamin supplementation and cognitive function in
men: a randomized trial. Ann. Intern. Med. 159, 806–814. doi: 10.7326/0003-
4819-159-12-201312170-00006
Gunning-Dixon, F. M., Brickman, A. M., Cheng, J. C., and Alexopoulos, G. S.
(2009). Aging of cerebral white matter: a review of MRI findings. Int. J. Geriatr.
Psychiatry 24, 109–117. doi: 10.1002/gps.2087
Gutchess, A. (2014). Plasticity of the aging brain: new directions in cognitive
neuroscience. Science 346, 579–582. doi: 10.1126/science.1254604
Hansalik, M., Skalicky, M., and Viidik, A. (2006). Impairment of water maze
behaviour with aging is counteracted by maze learning earlier in life but not
by physical exercise, food restriction or housing conditions. Exp. Gerontol. 41,
169–174. doi: 10.1016/j.exger.2005.11.002
Harris, J. D., Quatman, C. E., Manring, M. M., Siston, R. A., and Flanigan, D. C.
(2013). How to write a systematic review.Am. J. sports Med. 42, 2761–2768. doi:
10.1177/0363546513497567
Hill, R. D., Storandt, M., and Malley, M. (1993). The impact of long-term exercise
training on psychological function in older adults. J. Gerontol. 48, P12–P17. doi:
10.1093/geronj/48.1.P12
Hogan, M. (2005). Physical and cognitive activity and exercise for older adults: a
review. Int. J. Aging Hum. Dev. 60, 95–126. doi: 10.2190/PTG9-XDVM-YETA-
MKXA
Iosa, M., Fusco, A., Morone, G., and Paolucci, S. (2014). Development
and decline of upright gait stability. Front. Aging Neurosci. 6:14. doi:
10.3389/fnagi.2014.00014
Ito, K., Arko, M., Kawaguchi, T., Kuwahara, M., and Tsubone, H. (2009). The effect
of subacute supplementation of taurine on spatial learning and memory. Exp.
Anim. 58, 175–180. doi: 10.1538/expanim.58.175
Frontiers in Aging Neuroscience | www.frontiersin.org 17 July 2016 | Volume 8 | Article 161
Schättin et al. Exercise, Nutrition, and Elderly Brain
Jacotte-Simancas, A., Costa-Miserachs, D., Torras-Garcia, M., Coll-Andreu, M.,
and Portell-Cortés, I. (2013). Effect of voluntary physical exercise and post-
training epinephrine on acquisition of a spatial task in the barnes maze. Behav.
Brain Res. 247, 178–181. doi: 10.1016/j.bbr.2013.03.038
Kamijo, K., Hayashi, Y., Sakai, T., Yahiro, T., Tanaka, K., and Nishihira, Y. (2009).
Acute effects of aerobic exercise on cognitive function in older adults. J.
Gerontol. B Psychol. Sci. Soc. Sci. 64, 356–363. doi: 10.1093/geronb/gbp030
Kang, J. H., Cook, N., Manson, J., Buring, J. E., and Grodstein, F. (2006). A
randomized trial of vitamin E supplementation and cognitive function in
women. Arch. Intern. Med. 166, 2462–2468. doi: 10.1001/archinte.166.22.2462
Kelly, J., Fulford, J., Vanhatalo, A., Blackwell, J. R., French, O., Bailey, S. J.,
et al. (2013). Effects of short-term dietary nitrate supplementation on blood
pressure, O2 uptake kinetics, and muscle and cognitive function in older
adults. Am. J. Physiol. Regul. Integr. Comp. Physiol. 304, R73–R83. doi:
10.1152/ajpregu.00406.2012
Khabour, O. F., Alzoubi, K. H., Alomari, M. A., and Alzubi, M. A. (2010). Changes
in spatial memory and BDNF expression to concurrent dietary restriction and
voluntary exercise. Hippocampus 20, 637–645. doi: 10.1002/hipo.20657
Khabour, O. F., Alzoubi, K. H., Alomari, M. A., and Alzubi, M. A.
(2013). Changes in spatial memory and BDNF expression to simultaneous
dietary restriction and forced exercise. Brain Res. Bull. 90, 19–24. doi:
10.1016/j.brainresbull.2012.08.005
Kinni, H., Guo, M., Ding, J. Y., Konakondla, S., Dornbos, D., Tran, R., et al.
(2011). Cerebral metabolism after forced or voluntary physical exercise. Brain
Res. 1388, 48–55. doi: 10.1016/j.brainres.2011.02.076
Kluge, F., Zagheni, E., Loichinger, E., and Vogt, T. (2014). The advantages of
demographic change after the wave: fewer and older, but healthier, greener,
and more productive? PLoS ONE 9:e108501. doi: 10.1371/journal.pone.01
08501
Kobilo, T., Liu, Q.-R., Gandhi, K., Mughal, M., Shaham, Y., and van Praag, H.
(2011). Running is the neurogenic and neurotrophic stimulus in environmental
enrichment. Learn. Mem. 18, 605–609. doi: 10.1101/lm.2283011
Kramer, A. F., Hahn, S., Cohen, N. J., Banich, M. T., McAuley, E., Harrison, C. R.,
et al. (1999). aging, fitness and neurocognitive function. Nature 400, 418–419.
Kügler, C. F., Taghavy, A., and Platt, D. (1993). The event-related P300 potential
analysis of cognitive human brain aging: a review. Gerontology 39, 280–303.
doi: 10.1159/000213544
Kuhla, A., Lange, S., Holzmann, C., Maass, F., Petersen, J., Vollmar, B., et al.
(2013). Lifelong caloric restriction increases working memory in mice. PLoS
ONE 8:e68778. doi: 10.1371/journal.pone.0068778
Landis, J. R., and Koch, G. G. (1977). An application of hierarchical kappa-type
statistics in the assessment of majority agreement among multiple observers.
Biometrics 33, 363–374.
Lee, J., Duan, W., Long, J. M., Ingram, D. K., and Mattson, M. P. (2000). Dietary
restriction increases the number of newly generated neural cells, and BDNF
expression, in the dentate gyrus of rats. J. Mol. Neurosci. 15, 99–108. doi:
10.1385/JMN:15:2:99
Lee, J., Seroogy, K. B., and Mattson, M. P. (2002). Dietary restriction enhances
neurotrophin expression and neurogenesis in the hippocampus of adult mice.
J. Neurochem. 80, 539–547. doi: 10.1046/j.0022-3042.2001.00747.x
Liu-Ambrose, T., Nagamatsu, L. S., Graf, P., Beattie, B. L., Ashe, M. C., and
Handy, T. C. (2010). Resistance training and executive functions: a 12-
month randomized controlled trial. Arch. Intern. Med. 170, 170–178. doi:
10.1001/archinternmed.2009.494
Liu-Ambrose, T., Nagamatsu, L. S., Voss, M. W., Khan, K. M., and Handy, T.
C. (2012). Resistance training and functional plasticity of the aging brain: a
12-month randomized controlled trial. Neurobiol. Aging 33, 1690–1698. doi:
10.1016/j.neurobiolaging.2011.05.010
Macpherson, H., Ellis, K. A., Sali, A., and Pipingas, A. (2012). Memory
improvements in elderly women following 16 weeks treatment with a combined
multivitamin, mineral and herbal supplement: a randomized controlled trial.
Psychopharmacology 220, 351–365. doi: 10.1007/s00213-011-2481-3
Malaguarnera, M., Cammalleri, L., Gargante, M. P., Vacante, M., Colonna, V.,
and Motta, M. (2007). L-Carnitine treatment reduces severity of physical and
mental fatigue and increases cognitive functions in centenarians: a randomized
and controlled clinical trial. Am. J. Clin. Nutr. 86, 1738–1744.
Markowska, A. L. (1999). Life-long diet restriction failed to retard cognitive
aging in Fischer-344 rats. Neurobiol. Aging 20, 177–189. doi: 10.1016/S0197-
4580(99)00031-7
McMorris, T., Mielcarz, G., Harris, R. C., Swain, J. P., and Howard, A. (2007).
Creatine supplementation and cognitive performance in elderly individuals.
Neuropsychol. Dev. Cogn. B Aging Neuropsychol. Cogn. 14, 517–528. doi:
10.1080/13825580600788100
McNeill, G., Avenell, A., Campbell, M. K., Cook, J. A., Hannaford, P. C., Kilonzo,
M. M., et al. (2007). Effect of multivitamin and multimineral supplementation
on cognitive function in men and women aged 65 years and over: a randomised
controlled trial. Nutr. J. 6:10. doi: 10.1186/1475-2891-6-10
Middleton, F. A., and Strick, P. L. (1994). Anatomical evidence for cerebellar and
basal ganglia involvement in higher cognitive function. Science 266, 458–461.
Mithal, A., Bonjour, J. P., Boonen, S., Burckhardt, P., Degens, H., El Hajj Fuleihan,
G., et al. (2013). Impact of nutrition onmuscle mass, strength, and performance
in older adults. Osteoporos. Int. 24, 1555–1566. doi: 10.1007/s00198-012-
2236-y
Moher, D., Liberati, A., Tetzlaff, J., Altman, D. G., and Group, P. (2010). Preferred
reporting items for systematic reviews and meta-analyses: the PRISMA
statement. Int. J. Surg. 8, 336–341. doi: 10.1016/j.ijsu.2010.02.007
Mora, F. (2013). Successful brain aging: plasticity, environmental enrichment, and
lifestyle. Dialogues Clin. Neurosci. 15, 45.
Mora, F., Segovia, G., and del Arco, A. (2007). Aging, plasticity and environmental
enrichment: structural changes and neurotransmitter dynamics in several
areas of the brain. Brain Res. Rev. 55, 78–88. doi: 10.1016/j.brainresrev.2007.
03.011
Moul, J. L., Goldman, B., and Warren, B. (1995). Physical activity and cognitive
performance in the older population. J. Aging Phys. Act. 3, 135–145.
Muhlhausler, B. S., Bloomfield, F. H., and Gillman, M. W. (2013). Whole animal
experiments should be more like human randomized controlled trials. PLoS
Biol. 11:e1001481. doi: 10.1371/journal.pbio.1001481
Muscari, A., Giannoni, C., Pierpaoli, L., Berzigotti, A., Maietta, P., Foschi, E., et al.
(2010). Chronic endurance exercise training prevents aging-related cognitive
decline in healthy older adults: a randomized controlled trial. Int. J. Geriatr.
Psychiatry 25, 1055–1064. doi: 10.1002/gps.2462
Mustroph, M. L., Chen, S., Desai, S. C., Cay, E. B., DeYoung, E. K.,
and Rhodes, J. S. (2012). Aerobic exercise is the critical variable in an
enriched environment that increases hippocampal neurogenesis and water
maze learning in male C57BL/6J mice. Neuroscience 219, 62–71. doi:
10.1016/j.neuroscience.2012.06.007
Niemann, C., Godde, B., Staudinger, U. M., and Voelcker-Rehage, C. (2014).
Exercise-induced changes in basal ganglia volume and cognition in older adults.
Neuroscience 281c, 147–163. doi: 10.1016/j.neuroscience.2014.09.033
Noble, E. E., Mavanji, V., Little, M. R., Billington, C. J., Kotz, C. M., and
Wang, C. (2014). Exercise reduces diet-induced cognitive decline and increases
hippocampal brain-derived neurotrophic factor in CA3 neurons. Neurobiol.
Learn. Mem. 114, 40–50. doi: 10.1016/j.nlm.2014.04.006
O’Callaghan, R. M., Ohle, R., and Kelly, A. M. (2007). The effects of forced exercise
on hippocampal plasticity in the rat: A comparison of LTP, spatial-and non-
spatial learning. Behav. Brain Res. 176, 362–366. doi: 10.1016/j.bbr.2006.10.018
Ozkaya, G. Y., Aydin, H., Toraman, F. N., Kizilay, F., Ozdemir, O., and Cetinkaya,
V. (2005). Effect of strength and endurance training on cognition in older
people. J. Sports Sci. Med. 4, 300–313.
Painter, P., Stewart, A. L., and Carey, S. (1999). Physical functioning: definitions,
measurement, and expectations. Adv. Ren. Replace. Ther. 6, 110–123.
Perrig-Chiello, P., Perrig, W. J., Ehrsam, R., Staehelin, H. B., and Krings, F.
(1998). The effects of resistance training on well-being and memory in elderly
volunteers. Age aging 27, 469–475. doi: 10.1093/aging/27.4.469
Pichierri, G., Wolf, P., Murer, K., and de Bruin, E. D. (2011). Cognitive and
cognitive-motor interventions affecting physical functioning: a systematic
review. BMC Geriatr. 11:29. doi: 10.1186/1471-2318-11-29
Presley, T. D., Morgan, A. R., Bechtold, E., Clodfelter, W., Dove, R. W., Jennings,
J. M., et al. (2011). Acute effect of a high nitrate diet on brain perfusion in older
adults. Nitric Oxide 24, 34–42. doi: 10.1016/j.niox.2010.10.002
Quinn, J. F., Raman, R., Thomas, R. G., Yurko-Mauro, K., Nelson, E. B., Van
Dyck, C., et al. (2010). Docosahexaenoic acid supplementation and cognitive
decline in Alzheimer disease: a randomized trial. JAMA 304, 1903–1911. doi:
10.1001/jama.2010.1510
Rachetti, A., Arida, R., Patti, C., Zanin, K., Fernades-Santos, L., Frussa-Filho,
R., et al. (2013). Fish oil supplementation and physical exercise program:
distinct effects on different memory tasks. Behav. Brain Res. 237, 283–289. doi:
10.1016/j.bbr.2012.09.048
Frontiers in Aging Neuroscience | www.frontiersin.org 18 July 2016 | Volume 8 | Article 161
Schättin et al. Exercise, Nutrition, and Elderly Brain
Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson,
A., et al. (2005). Regional brain changes in aging healthy adults: general
trends, individual differences and modifiers. Cereb. Cortex 15, 1676–1689. doi:
10.1093/cercor/bhi044
Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., and Davatzikos,
C. (2003). Longitudinal magnetic resonance imaging studies of older adults:
a shrinking brain. J. Neurosci. 23, 3295–3301.
Rogers, P. J., Appleton, K. M., Kessler, D., Peters, T. J., Gunnell, D., Hayward,
R. C., et al. (2008). No effect of n-3 long-chain polyunsaturated fatty
acid (EPA and DHA) supplementation on depressed mood and cognitive
function: a randomised controlled trial. Br. J. Nutr. 99, 421–431. doi:
10.1017/S0007114507801097
Rossom, R. C., Espeland,M. A.,Manson, J. E., Dysken,M.W., Johnson, K. C., Lane,
D. S., et al. (2012). Calcium and Vitamin D supplementation and cognitive
impairment in the women’s health initiative. J. Am. Geriatr. Soc. 60, 2197–2205.
doi: 10.1111/jgs.12032
Ruscheweyh, R., Willemer, C., Krüger, K., Duning, T., Warnecke, T., Sommer, J.,
et al. (2011). Physical activity and memory functions: an interventional study.
Neurobiol. Aging 32, 1304–1319. doi: 10.1016/j.neurobiolaging.2009.08.001
Scafato, E., Gandin, C., Galluzzo, L., Ghirini, S., Cacciatore, F., Capurso, A.,
et al. (2010). Prevalence of aging-associated cognitive decline in an Italian
elderly population: results from cross-sectional phase of Italian PRoject on
Epidemiology of Alzheimer’s disease (IPREA). Aging Clin. Exp. Res. 22,
440–449. doi: 10.1007/BF03337739
Sena, E. S., van der Worp, H. B., Bath, P. M., Howells, D. W., and
MacLeod, M. R. (2010). Publication bias in reports of animal stroke
studies leads to major overstatement of efficacy. PLoS Biol. 8:e1000344. doi:
10.1371/journal.pbio.1000344
Sengupta, P. (2013). The laboratory rat: relating its age with human’s. Int. J. Prev.
Med. 4, 624–630.
Shams, T. A., Foussias, G., Zawadzki, J. A., Marshe, V. S., Siddiqui, I., Müller, D.
J., et al. (2015). The effects of video games on cognition and brain structure:
potential implications for neuropsychiatric disorders. Curr. Psychiatry Rep. 17,
71. doi: 10.1007/s11920-015-0609-6
Shephard, R. J., and Balady, G. J. (1999). Exercise as cardiovascular therapy.
Circulation 99, 963–972. doi: 10.1161/01.CIR.99.7.963
Sibbald, B., and Roland, M. (1998). Understanding controlled trials. Why are
randomised controlled trials important? BMJ 316, 201.
Smith, A., Clark, R., Nutt, D., Haller, J., Hayward, S., and Perry, K. (1999).
Anti-oxidant vitamins and mental performance of the elderly. Hum.
Psychopharmacol. Clin. Exp. 14, 459–471.
Smith, A. P., Clark, R. E., Nutt, D. J., Haller, J., Hayward, S. G., Perry, K., et al.
(1999). Mood and cognitive functioning in the elderly. Nutr. Neurosci. 2,
249–256.
Smith, P. J., Blumenthal, J. A., Hoffman, B.M., Cooper, H., Strauman, T. A.,Welsh-
Bohmer, K., et al. (2010). Aerobic exercise and neurocognitive performance:
a meta-analytic review of randomized controlled trials. Psychosom. Med. 72,
239–252. doi: 10.1097/PSY.0b013e3181d14633
Song, J. W., and Chung, K. C. (2010). Observational studies: cohort
and case-control studies. Plast. Reconstr. Surg. 126, 2234–2242. doi:
10.1097/PRS.0b013e3181f44abc
Strasser, A., Skalicky, M., Hansalik, M., and Viidik, A. (2006). The impact of
environment in comparison with moderate physical exercise and dietary
restriction on BDNF in the cerebral parietotemporal cortex of aged Sprague-
Dawley rats. Gerontology 52, 377–381. doi: 10.1159/000095117
Su, H. M. (2010). Mechanisms of n-3 fatty acid-mediated development and
maintenance of learning memory performance. J. Nutr. Biochem. 21, 364–373.
doi: 10.1016/j.jnutbio.2009.11.003
Summers, W. K., Martin, R. L., Cunningham, M., DeBoynton, V. L., and Marsh,
G. M. (2010). Complex antioxidant blend improves memory in community-
dwelling seniors. J. Alzheimer’s Dis. 19, 429–439. doi: 10.3233/JAD-2010-1229
Szczes´niak, D., Budzen´, S., Kopec´, W., and Rymaszewska, J. (2014). Anserine
and carnosine supplementation in the elderly: effects on cognitive
functioning and physical capacity. Arch. Gerontol. Geriatr. 59, 485–490.
doi: 10.1016/j.archger.2014.04.008
Tomey, K. M., and Sowers, M. R. (2009). Assessment of physical functioning:
a conceptual model encompassing environmental factors and individual
compensation strategies. Phys. Ther. 89, 705–714. doi: 10.2522/ptj.20080213
Towfighi, A., Markovic, D., and Ovbiagele, B. (2011). Persistent sex disparity in
midlife stroke prevalence in the United States. Cerebrovas. Dis. 31, 322–328.
doi: 10.1159/000321503
Tromp, A. M., Pluijm, S. M., Smit, J. H., Deeg, D. J., Bouter, L. M., and
Lips, P. (2001). Fall-risk screening test: a prospective study on predictors
for falls in community-dwelling elderly. J. Clin. Epidemiol. 54, 837–844. doi:
10.1016/S0895-4356(01)00349-3
Van der Borght, K., Havekes, R., Bos, T., Eggen, B. J., and Van der Zee, E. A.
(2007). Exercise improves memory acquisition and retrieval in the Y-maze task:
relationship with hippocampal neurogenesis. Behav. Neurosci. 121, 324–334.
doi: 10.1037/0735-7044.121.2.324
van de Rest, O., van der Zwaluw, N. L., Tieland, M., Adam, J. J., Hiddink, G.
J., van Loon, L. J., et al. (2014). Effect of resistance-type exercise training
with or without protein supplementation on cognitive functioning in frail and
pre-frail elderly: Secondary analysis of a randomized, double-blind, placebo-
controlled trial. Mech. aging Dev. 136–137, 85–93. doi: 10.1016/j.mad.2013.
12.005
van der Schaft, J., Koek, H. L., Dijkstra, E., Verhaar, H. J., van der Schouw,
Y. T., and Emmelot-Vonk, M. H. (2013). The association between vitamin
D and cognition: a systematic review. aging Res. Rev. 12, 1013–1023. doi:
10.1016/j.arr.2013.05.004
van Praag, H. (2009). Exercise and the brain: something to chew on. Trends
Neurosci. 32, 283–290. doi: 10.1016/j.tins.2008.12.007
van Praag, H., Kempermann, G., and Gage, F. H. (1999). Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus.Nat. Neurosci.
2, 266–270. doi: 10.1038/6368
van Uffelen, J. G., Chin, A. P. M. J., Hopman-Rock, M., and van Mechelen, W.
(2008). The effects of exercise on cognition in older adults with and without
cognitive decline: a systematic review. Clin. J. Sport Med. 18, 486–500. doi:
10.1097/JSM.0b013e3181845f0b
Voelcker-Rehage, C., Godde, B., and Staudinger, U. M. (2011). Cardiovascular
and coordination training differentially improve cognitive performance
and neural processing in older adults. Front. Hum. Neurosci. 5:26. doi:
10.3389/fnhum.2011.00026
Voss, M. W., Vivar, C., Kramer, A. F., and van Praag, H. (2013). Bridging animal
and human models of exercise-induced brain plasticity. Trends Cogn. Sci. 17,
525–544. doi: 10.1016/j.tics.2013.08.001
Williams, K. N., and Kemper, S. (2010). Interventions to reduce cognitive decline in
aging. J. Psychosoc. Nurs. Ment. Health Serv. 48, 42–51. doi: 10.3928/02793695-
20100331-03
Witte, A. V., Fobker, M., Gellner, R., Knecht, S., and Flöel, A. (2009). Caloric
restriction improves memory in elderly humans. Proc. Natl. Acad. Sci. U.S.A.
106, 1255–1260. doi: 10.1073/pnas.0808587106
Witte, A. V., Kerti, L., Hermannstädter, H. M., Fiebach, J. B., Schreiber, S. J.,
Schuchardt, J. P., et al. (2014). Long-chain omega-3 fatty acids improve brain
function and structure in older adults. Cereb. Cortex 24, 3059–3068. doi:
10.1093/cercor/bht163
Wolters, M., Hickstein, M., Flintermann, A., Tewes, U., and Hahn, A. (2005).
Cognitive performance in relation to vitamin status in healthy elderly German
women-the effect of 6-month multivitamin supplementation. Prev. Med. 41,
253–259. doi: 10.1016/j.ypmed.2004.11.007
Wright, I. C., McGuire, P. K., Poline, J. B., Travere, J. M., Murray, R. M., Frith,
C. D., et al. (1995). A voxel-based method for the statistical analysis of gray
and white matter density applied to schizophrenia.Neuroimage 2, 244–252. doi:
10.1006/nimg.1995.1032
Wright, R. W., Brand, R. A., Dunn, W., and Spindler, K. P. (2007). How
to write a systematic review. Clin. Orthop. Relat. Res. 455, 23–29. doi:
10.1097/BLO.0b013e31802c9098
Wu, A., Ying, Z., and Gomez-Pinilla, F. (2008). Docosahexaenoic acid dietary
supplementation enhances the effects of exercise on synaptic plasticity and
cognition. Neuroscience 155, 751–759. doi: 10.1016/j.neuroscience.2008.05.061
Yaffe, K., Clemons, T. E., McBee, W. L., and Lindblad, A. S. (2004).
Impact of antioxidants, zinc, and copper on cognition in the
elderly: a randomized, controlled trial. Neurology 63, 1705–1707. doi:
10.1212/01.WNL.0000142969.19465.8F
Yan, J. H., and Zhou, C. L. (2009). Effects of motor practice on cognitive disorders
in older adults. Euro. Rev. Aging Phys. activity 6, 67–74. doi: 10.1007/s11556-
009-0049-6
Frontiers in Aging Neuroscience | www.frontiersin.org 19 July 2016 | Volume 8 | Article 161
Schättin et al. Exercise, Nutrition, and Elderly Brain
Yasuno, F., Tanimukai, S., Sasaki, M., Ikejima, C., Yamashita, F., Kodama, C., et al.
(2012). Combination of antioxidant supplements improved cognitive function
in the elderly. J. Alzheimers Dis. 32, 895–903. doi: 10.3233/JAD-2012-121225
Young, G. S., Jacobson, E. L., and Kirkland, J. B. (2007). Water maze performance
in young male Long-Evans rats is inversely affected by dietary intakes of niacin
and may be linked to levels of the NAD+ metabolite cADPR. J. Nutr. 137,
1050–1057.
Zlomanczuk, P., Milczarek, B., Dmitruk, K., Sikorski, W., Adamczyk,W., Zegarski,
T., et al. (2006). Improvement in the face/name association performance after
three months of physical training in elderly women. J. Physiol. Pharmacol.
57(Suppl. 4), 417–424.
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Schättin, Baur, Stutz, Wolf and de Bruin. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.
Frontiers in Aging Neuroscience | www.frontiersin.org 20 July 2016 | Volume 8 | Article 161
